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mmetry and tuneable geometry
on lanthanide centres with chelating Pt and Pd
metalloligands†

Mikkel A. Sørensen,a Høgni Weihe,a Morten G. Vinum,a Jesper S. Mortensen,a

Linda H. Doerrerb and Jesper Bendix*a

Exploitation of HSAB preferences allows for high-yield, one-pot syntheses of lanthanide complexes

chelated by two Pd or Pt metalloligands, [MII(SAc)4]
2� (SAc� ¼ thioacetate, M ¼ Pd, Pt). The resulting

complexes with 8 oxygen donors surrounding the lanthanides can be isolated in crystallographically

tetragonal environments as either [NEt4]
+ (space group: P4/mcc) or [PPh4]

+ (space group: P4/n) salts. In

the case of M ¼ Pt, the complete series of lanthanide complexes has been structurally characterized as

the [NEt4]
+ salts (except for Ln ¼ Pm), while the [PPh4]

+ salts have been structurally characterized for Ln

¼ Gd–Er, Y. For M ¼ Pd, selected lanthanide complexes have been structurally characterized as both

salts. The only significant structural difference between salts of the two counter ions is the resulting twist

angle connecting tetragonal prismatic and tetragonal anti-prismatic configurations, with the [PPh4]
+ salts

approaching ideal D4d symmetry very closely (4 ¼ 44.52–44.61�) while the [NEt4]
+ salts exhibit

intermediate twist angles in the interval 4 ¼ 17.28–27.41�, the twist increasing as the complete 4f series

is traversed. Static magnetic properties for the latter half of the lanthanide series are found to agree well

in the high temperature limit with the expected Curie behavior. Perpendicular and parallel mode EPR

spectroscopy on randomly oriented powder samples and single crystals of the Gd complexes with

respectively Pd- and Pt-based metalloligands demonstrate the nature of the platinum metal to strongly

affect the spectra. Consistent parametrization of all of the EPR spectra reveals the main difference to

stem from a large difference in the magnitude of the leading axial term, B0
2, this being almost four times

larger for the Pt-based complexes as compared to the Pd analogues, indicating a direct Pt(5dz2)–Ln

interaction and an arguable coordination number of 10 rather than 8. The parametrization of the EPR

spectra also confirms that off-diagonal operators are associated with non-zero parameters for the

[NEt4]
+ salts, while only contributing minimally for the [PPh4]

+ salts in which lanthanide coordination

approximates D4d point group symmetry closely.
Introduction

During the last decade and a half, the interest in the coordi-
nation chemistry of the lanthanides has been refuelled by the
prosperity of mono- and polynuclear 4f metal complexes in the
eld of molecular magnetism. Polynuclear clusters and
extended networks based on especially gadolinium(III) have
shown large magnetocaloric effects,1–3 rendering these
complexes potentially applicable in low temperature magnetic
penhagen, Universitetsparken 5, DK-2100

u.dk

ty, 590 Commonwealth Avenue, Boston,
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For ESI and crystallographic data in
.1039/c7sc00135e
cooling.4 On the other hand, low nuclearity complexes of
anisotropic lanthanide ions have been found to behave as
single-molecule magnets with properties superior to those of
the archetypal 3d metal clusters of the 1990s.5–8 Notably,
complexes containing a single lanthanide ion, so-called single-
ion magnets,9 have exhibited remarkably slow spin-lattice
relaxation,10–14 with relaxation times reaching up to several
1000 s at liquid helium temperatures.15 These long relaxation
times are considered a consequence of relaxation via excited
states (Orbach relaxation) within the ground Russell-Saunders
(RS) multiplet, which is split by the crystal eld experienced
by the 4f ion.16,17 Therefore, the optimization of crystal eld
splittings by appropriate tailoring of ligand environments has
been a key preparative target.18 However, despite the achieve-
ment of large crystal eld splittings, quantum tunnelling of the
magnetization (QTM) within the ground state oen dominates
the low temperature spin relaxation, limiting the timescale of
the relaxation events to the order of milliseconds.13,19–21
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Synthesis of 1Ln, [NnPr4][Ln{Pt(SAc)4}2], and 2Ln from the
dianionic platinum metalloligand [PtII(SAc)4]

2� (SAc� ¼ thioacetate),
and of 1Ln0, [NnPr4][Ln{Pd(SAc)4}2], and 2Ln0 from the analogous
palladium-based ligand.
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Therefore, design criteria for obtaining pure crystal eld states
have also been suggested.22 Low symmetry components of the
crystal eld serve as to connect the different substates within
the ground RS multiplet, thereby increasing tunnelling proba-
bilities causing unwanted, fast spin relaxation. Consequently,
the design criteria aimed at maximizing crystal eld state purity
evolve around tuning of the point group symmetry of the crystal
eld. The recent dawn of mononuclear lanthanide complexes as
molecular spin qubits23,24 adds to the interest in tailoring elec-
tronic structures and chemical functionalities allowing for
implementation in devices e.g. through surface attachment. All
suggested criteria guide the synthetic chemist towards the
rational design and control of the crystal eld environment and
ligand periphery, and in principle, this seems straightforward.

Alas, the structural design of lanthanide complexes is less
simple than for nd metal complexes for various reasons. Firstly,
the high coordination number characteristic of the lanthanides
complicates control of the environment if only simple ligands of
low denticity are employed. This can either be overcome by
using bulky ligands, thereby lowering coordination
numbers,25–30 or by coordinatively saturating the metal ion by
employing a single31–34 or only few35–38 ligands of high denticity.
Secondly, the lack of ligand eld stabilization energies renders
coordination geometries less predictable and consequently
specic symmetries are more easily imposed through the choice
of ligand.

The platinum(II) complexes [PtII(SC(O)R)4]
2� (R ¼ Me (thio-

acetate), Ph (thiobenzoate)) have previously been reported on
their own (for R ¼ Me),39 and as constituent units of a family of
heterobimetallic lantern complexes of formulation [PtII-

MII(SC(O)R)4(solv)n] (M ¼ Mg, Ca, Fe, Co, Ni, Zn; solv ¼ solvent
molecules),39–42 A[PtIIMII(SC(O)Me)4(NCS)] (A ¼ [Na(15-crown-
5)], [Na(12-crown-4)2]; M ¼ Mn, Co, Ni, Zn),43 and [PtII-

CrIII(SC(O)Ph)4(NCS)]n.43 In the bimetallic lantern compounds,
the so Lewis acidity of platinum(II) allows for selective coordi-
nation by the so sulphur donors, while the harder Lewis acids,
that is the divalent ns and 3d metal ions, are selectively coordi-
nated by the oxygen atoms of the thiocarboxylates. This design
concept relying on the hard–so acid–base (HSAB) principle
should be expandable to encompass the even harder Lewis acids
such as the trivalent lanthanide ions. Herein, we report such an
expansion, using the platinum metal complexes [MII(SAc)4]

2�

(SAc� ¼ thioacetate, M ¼ Pd, Pt) as chelating tetradentate met-
alloligands. The predictable square-planar geometry of the plat-
inum metal complex facilitates tetragonal symmetry of the
resulting [LnIII{MII(SAc)4}2]

� complexes, and by selecting appro-
priate counter cations ([NEt4]

+ (for M¼ Pt: 1Ln, for M¼ Pd: 1Ln0),
[NnPr4]

+, or [PPh4]
+ (for M ¼ Pt: 2Ln, for M ¼ Pd: 2Ln0)), the

tetragonal symmetry can be crystallographically imposed in the
solid state. We describe the synthesis as well as the structural,
static magnetic, and EPR spectroscopic characterizations of this
new family of high-symmetry lanthanide complexes.

Results and discussion

The reaction of thioacetate as its potassium salt with K2[PtCl4]
and hydrated trivalent lanthanide chlorides in aqueous solution
This journal is © The Royal Society of Chemistry 2017
cleanly yielded the anionic complexes [Ln{Pt(SAc)4}2]
�, which

could be isolated as either the [NEt4]
+ or [NnPr4]

+ salts in the
presence of an excess of these cations (Scheme 1). This yielded
[NEt4][Ln{Pt(SAc)4}2] (1Ln) as golden quadratic plate-shaped
single crystals, while near-amorphous powders (as veried by
PXRD, not shown) of [NnPr4][Ln{Pt(SAc)4}2] were obtained (see
ESI† for synthetic details). It proved possible to synthesize the
1Ln salts (i.e. the [NEt4]

+ salts) for all lanthanides (excluding
promethium) as well as yttrium by appropriately adjusting the
synthetic protocol. The isomorphism of the 1Ln compounds
was conrmed by single crystal X-ray diffraction. The crystal-
lographic details and structure of 1Gd are given in Table 1 and
Fig. 1, respectively. The crystallographic details for the
remainder of the 1Ln compounds are collected in Tables S1–S4
of the ESI.†

In the preparation of 1Ln for the full lanthanide series, it was
found necessary to modify the employed protocol signicantly
when moving from the earlier to the later lanthanides. The
reactions for especially the earliest lanthanides (La, Ce) had to
be carried out at very dilute conditions in order to obtain crys-
tals of a size suitable for structure determination. Upon moving
across the series, the concentration of the reaction mixture had
to be gradually increased in order to obtain satisfactory yields.
For the last four lanthanides, the decrease in the solvent volume
rendered the method used for preparing the remainder of the
1Ln complexes inconvenient. Instead, a concentrated solution
of the metalloligand was prepared by briey heating a concen-
trated aqueous solution of KSAc and K2[PtCl4]. Addition of the
relevant lanthanide chloride to this solution resulted in the
development of some turbidity, the turbidity being more
pronounced the later the lanthanide. For 1Er, 1Tm, and 1Yb the
turbidity completely disappeared in the presence of a large
excess of [NEt4]Cl, and subsequent gentle heating initiated the
Chem. Sci., 2017, 8, 3566–3575 | 3567
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Table 1 Crystallographic data and refinement parameters for 1Gd and
2Gd

1Gd 2Gd

Formula C24H44GdNO8Pt2S8 C40H44GdO8PPt2S8
Mr 1278.56 1487.70
T/K 122(1) 123(1)

Crystal system Tetragonal
Space group P4/mcc (no. 124) P4/n (no. 85)
a/Å 8.6134(3) 12.6662(5)
c/Å 25.4434(9) 15.1584(6)
V/Å3 1887.66(11) 2431.90(17)
Z 2 2
rcalc/g cm�3 2.2493 2.0315
m/mm�1 9.612 7.508
F000 1214 1422
Crystal size/mm3 0.10 � 0.10 � 0.040 0.12 � 0.12 � 0.080

Radiation Mo Ka (l ¼ 0.71703 Å)
2q range/� 4.72–57.4 4.54–57.38
Reections collected 31 200 48 108
Independent
reections

1263 3157

Rint, Rs 0.0334, 0.0107 0.0510, 0.0199
Param/restraints 91/3 139/0
S (on F2) 1.089 1.054
R1, wR2(I $ 2s(I)) 0.0164, 0.0522 0.0175, 0.0351
R1, wR2 (all data) 0.0215, 0.0559 0.0248, 0.0375
Drmax/Drmin/e Å�3 1.43/�0.90 2.46/�0.81

Fig. 1 Thermal ellipsoids plots (50% probability) of the complex anions
in the structures of 1Gd (a and b) and 2Gd (c and d) viewed perpen-
dicular to (a and c) and along (b and d) the four-fold axis. For 1Gd only
one of the two equally occupied disordered parts of the thioacetate is
shown. The oxygen and sulphur atoms belonging to the omitted part
are labelled O1a and S1a, respectively. Hydrogen atoms are omitted for
clarity. Colour code: Gd, green; Pt, orange; O, red; S, yellow; C, dark
grey. Selected bond distances and angles: 1Gd, Gd1–O1 2.443(3) Å;
Gd1–O1a 2.355(3) Å; Pt1–S1 2.310(3) Å; Pt1–S1a 2.311(3) Å; S1–Pt1–S1
175.74(16)�; S1a–Pt1–S1a 178.13(16)�; 2Gd, Gd1–O1 2.3833(15) Å;
Gd1–O2 2.4010(15) Å; Pt1–S1 2.3219(6) Å; Pt2–S2 2.3180(6) Å; S1–
Pt1–S1 178.65(2)�; S2–Pt2–S2 179.88(3)�.
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formation of square-shaped golden crystals. Also for this
procedure, satisfactory yields required much higher concen-
trations for the latest lanthanides. Addition of solid LuCl3$6H2O
to a concentrated solution of the metalloligand resulted in
a considerable amount of precipitate rather than the turbidity
observed for the larger predecessors. Treatment with excess
[NEt4]Cl did not fully redissolve the solid, and despite the
remaining solids being ltered off prior to crystallization of the
product, 1Lu invariably contained a minor impurity as judged
from CHNS elemental analysis and PXRD (see ESI†).

The [NnPr4][Ln{Pt(SAc)4}2] salts are less easily precipitated
than the analogous [NEt4]

+ salts (1Ln), and consequently the
protocol used for the synthesis of the 1Ln compounds for the
four latest lanthanides was adapted. Recrystallization of the
crude [NnPr4][Ln{Pt(SAc)4}2] products by slow evaporation of
a concentrated acetone solution at room temperature yielded
single crystals. Structure determination was however impeded
by an inherently high mosaicity of the so-obtained crystals.

Direct addition of [PPh4]Cl to aqueous solutions containing
[Ln{Pt(SAc)4}2]

� precipitates the non-coordinated metalloligand
as golden-yellow crystals of formulation [PPh4]2[Pt(SAc)4]$
4.5H2O,39 preventing direct preparation of the [PPh4]

+ salts.
However, facilitated by the reasonable solubility of the near-
amorphous crude [NnPr4][Ln{Pt(SAc)4}2] salts in polar organic
solvents like acetonitrile, nitromethane, and acetone, golden
quadratic single crystals of [PPh4][Ln{Pt(SAc)4}2] (2Ln) could
instead be obtained in high yields by the metathesis reaction of
crude [NnPr4][Ln{Pt(SAc)4}2] and [PPh4]Cl in MeNO2 (Scheme 1).
3568 | Chem. Sci., 2017, 8, 3566–3575
Single crystal X-ray diffraction revealed the synthesized 2Ln
compounds to be isostructural. The crystallographic details and
structure of 2Gd are given in Table 1 and Fig. 1, respectively. The
crystallographic details of the remaining 2Ln compounds are
given in Tables S5 and S6 of the ESI.†

Single crystal X-ray diffraction revealed the tetraethy-
lammonium salts (1Ln) to be isomorphous, a result that was
corroborated by PXRD (Fig. S1–S3, ESI†). Due to their isomor-
phism, the structures of 1Ln will be discussed in comparison to
that of 1Gd. The structure solution revealed the coordination of
two [Pt(SAc)4]

2� complexes to the gadolinium ion through the
available oxygen atoms of the thiocarboxylates, yielding an
eight-coordinate GdIII centre. The complex can thus be
described as the homoleptic metalloligand complex of gadoli-
nium(III) crystallized with one tetraethylammonium counter
ion. The salt crystallized in the centrosymmetric tetragonal
space group P4/mcc with two formula units in the unit cell. The
Gd1, Pt1, and the nitrogen atom of the counter ion (N1) all
occupy special positions of four-fold site symmetry, and
consequently the asymmetric unit contains only one eighth of
a formula unit. As described in the ESI,† the single thioacetate
contained in the asymmetric unit is disordered over two posi-
tions, the two fragments being equally occupied. A structure
determination for 1Gd at room temperature (Table S4, ESI†)
revealed an identical disorder (Fig. S4, ESI†), suggesting it to be
static in nature. This was corroborated by the electron density
map in the region of the oxygen atom positions, showing a clear
This journal is © The Royal Society of Chemistry 2017
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peanut-shaped electron density rather than an oblate one,
indicating two closely spaced but localized positions of the
disordered oxygen atom. The oxygen and sulphur atoms
belonging to the part of the thioacetate that is omitted in Fig. 1
are labelled with an “a”-extension. Each platinum centre is
coordinated by four thioacetates through the sulphur atoms
resulting in a square planar geometry, as expected for the 5d8

ion. The planes spanned by either the four S1 or the four S1a
atoms are perpendicular to the four-fold axis by symmetry. The
platinum atom is shied slightly out of plane either towards (for
the S14 plane) or away from (for the S1a4 plane) the gadolinium
centre by 0.086 Å and 0.038 Å, respectively. These out of plane
shis are slightly larger than those observed in the related
heterobimetallic lantern complexes,39–43 and signicantly larger
than for the non-coordinated metalloligand in which the plat-
inum sits exactly in the S4 plane.39

Thiocarboxylates as ligands for lanthanides are uncommon,
and to this date only two structurally characterized examples
have been reported.44,45 In both these cases, the thiocarboxylates
act as chelating bidentate ligands, and the bridging of
a lanthanide ion and a transition metal in the m1,3-fashion
observed for 1Gd is hitherto unknown. A related bridging motif
is however observed for a series of heterobimetallic
dithiooxalate-bridged compounds of formulation [{LnIII(H2-
O)n}2{Ni

II(dto)2}3]$xH2O (dto2� ¼ dithiooxalate)46–48 as well as
for the systems [MIII{(dto)DyIII(tp)2}3]$4MeCN$2CH2Cl2 (MIII ¼
FeIII, CoIII; tp� ¼ hydrotrispyrazolylborate),49 in which the
dithiooxalate ligands selectively coordinate the soer 3d metal
ions through the sulphur atoms, while the lanthanide ions are
exclusively coordinated by the oxygen atoms of the bridging
ligands.

In the evaluation of the nature of the crystal eld experienced
by the lanthanide ion in the 1Ln salts, two angles are of rele-
vance. Firstly, the compression angle, q (Fig. 2), dened as the
angle between the four-fold axis and the Ln–O bond, describes
the axial distortion of the coordination environment. The cube-
value of q ¼ cos�1ð1= ffiffiffi

3
p Þz 54:7� (i.e. half the tetrahedral angle)

constitutes the non-compressed scenario, while smaller and
larger angles correspond to elongation and compression,
respectively. The angle, 4, between the diagonals of the two
squares constituted by the two sets of oxygen donor atoms, is
illustrated in Fig. 2. This twist angle, also referred to as the skew
Fig. 2 The compression angle, q, between the four-fold axis and the
Ln–O bond (left), and the twist angle, 4, between the diagonals of the
two squares constituted by the two sets of four oxygen donor atoms
above and below the lanthanide ion, when viewed along the four-fold
axis (right).

This journal is © The Royal Society of Chemistry 2017
angle,5,50 is key for determining the point group symmetry at the
lanthanide site, which in turn is crucial for appropriately
describing the crystal eld substate composition of lanthanide
complexes. In the case of an axial distortion of the crystal eld
environment (i.e. for q s 54.7�), the position of the lanthanide
ion belongs to the D4h and D4d point groups for the two
extremes 4 ¼ 0� (square prism) and 45� (square antiprism),
respectively.

The q and 4 angles were evaluated for the entire 1Ln series
and are given in the upper and lower panels of Fig. 3, respec-
tively (excluding 1Y). As a result of the disorder in the thio-
acetates, two different crystal eld environments exist in the
crystal, dened by a single type of oxygen atoms (O1 or O1a) for
symmetry reasons. As the disorder is 50 : 50, so is the distri-
bution between the two crystal eld environments. From Fig. 3
it is evident how both angles depend on the lanthanide ion, i.e.
the ionic radii. A smooth decrease in the degree of axial
compression is observed following the decrease in ionic radius
upon going from 1La to 1Lu, the q values varying between 62.73�

(1La, O1a) and 58.87� (1Lu, O1). The difference in degree of axial
compression between the two different crystal eld environ-
ments is on the order of a few degrees for all 1Ln derivatives, the
maximum difference being that for 1Gd, in which qO1a � qO1 ¼
2.84�. The value of 4 smoothly increases upon going from 1La to
1Lu, the smallest value being 17.28� for the O1 environment in
1La, and the largest 27.41� for the O1a environment in 1Lu. The
difference in the value of the angle for the two different envi-
ronments for a specic lanthanide is generally small, and never
exceeds 1.5�.

Despite the highlighted differences, the two crystal eld
environments found in the crystals of 1Ln are identical from
a symmetry point of view. As the twist angles are in between the
two extremes of 4¼ 0� and 45�, the point group symmetry of the
lanthanide site lowers to D4 (C4 with disorder, cf. ESI†)

In the crystal packing of 1Gd (Fig. S5, ESI†) all complexes
have their Pt–Gd–Pt axis parallel to the c-axis of the unit cell,
with the lanthanide complexes being arranged end-to-end along
this direction. The shortest Gd/Gd distance equals the length
Fig. 3 The compression angle q (top), and the twist angle 4 (bottom),
for 1Ln at T ¼ 122(1) K as function of the lanthanide, determined from
the X-ray single crystal structures. 1 and 1a refer to the values related to
the crystal field environments defined by the O1 and O1a atoms,
respectively.

Chem. Sci., 2017, 8, 3566–3575 | 3569
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of the a-axis (or b-axis) of the unit cell of 8.6134(3) Å. Along the c-
axis the shortest Gd/Gd distance is half the length of the axis,
12.7217(5) Å. The packing of the cations and anions is CsCl-like
with each ion having eight nearest neighbours of the opposite
kind.

The shortest intermolecular Pt/Pt distance of 5.3240(4) Å
rules out any metallophillic Pt/Pt interactions similar to those
observed for the related heterobimetallic lantern complexes.40,41

Likely, the charge on the complexes and the packing with the
counter ions both contribute to suppress Pt/Pt interactions.
However, the fact that metallophillic interactions have been
observed in some of the anionic lantern complexes of the
divalent 3d metals,43 points to packing effects involving the
counter ions as the main reason. It is conceivable that if the
need for the counter ion could be circumvented, e.g. using
mixed complexes with an isoelectronic AuIII-based metal-
loligand, such di- or oligomerization can regain importance.

The synthesis and structural characterization of a full series
of isomorphous lanthanide complexes is not a matter of course.
Rather, the lanthanide contraction amounting to a �15%
reduction in ionic radii for the trivalent ions, commonly leads to
structural discontinuities across the 4f series. Here, the poly-
dentate, yet exible nature of the employed metalloligands
facilitate the non-trivial preparation of all members of the 1Ln
family (with the obvious exception of 1Pm) and hence allows for
a detailed study of the full series of lanthanide ions in an
identical crystal eld environment. Evaluation of the unit cell
parameters for the 1Ln complexes determined from single-
crystal X-ray diffraction at T ¼ 122 K (Fig. 4) reveals the length
of the a-axis and the unit cell volume to conform to the expected
trend. The length of the c-axis is found to increase upon
reducing the size of the lanthanide ion. Albeit counterintuitive,
this lengthening of the c-axis can however also be understood as
a result of the lanthanide contraction (a detailed argument for
this is presented in the ESI†).

Switching to the salts with tetraphenylphosphonium counter
ions (2Ln), the synthesized members of this series were also
found to be isostructural from single crystal X-ray diffraction
experiments, and this was conrmed by PXRD (Fig. S6, ESI†).
Fig. 4 The unit cell parameters for 1Ln at T ¼ 122(1) K determined
from the X-ray single crystal structures.

3570 | Chem. Sci., 2017, 8, 3566–3575
Consequently, the description of their structures will take its
starting point at the gadolinium derivative. 2Gd crystallized in
the centrosymmetric tetragonal space group P4/n with two
formula units in the unit cell. The Gd1, Pt1, and Pt2 atoms
along with the phosphorus atom belonging to the tetraphenyl-
phosphonium ion all occupy special positions of four-fold site
symmetry. As a result of the high symmetry, only a quarter
formula unit is contained in the asymmetric unit. As opposed to
the structures of the tetraethylammomium salts (1Ln), no
disorder of the thioacetates was observed in the structures of
2Ln. The structural characteristics of the complex anion dis-
cussed for 1Gd also apply to 2Gd. However, one very important
difference between the two salts is observed when evaluating
the values of the twist angle 4. The increase of �10� in this
parameter value for 1Ln observed upon traversing the f-block
was discussed above. For those lanthanides for which the
analogous 2Ln compounds were prepared, the span of 4 angles
is from 21.99�/22.94� for 1Gd to 24.50�/25.61� for 1Er. For the
tetraphenylphosphonium salts (2Ln) of the same central ions, 4
shows a variation as small as 0.09� (44.52–44.61�), much less
than the approximately 2.5� variation seen for the analogous
1Ln salts. The pronounced structural invariance observed for
the 2Ln can be understood when examining the packing of
neighbouring cations and anions in the crystal as illustrated for
2Gd in Fig. 5 (the crystal packing of 2Gd is given in Fig. S7,
ESI†). The space-lling model highlights how a phenyl group
from the tetraphenylphosphonium ion occupies the void space
in between neighbouring thioacetates that are 90� apart around
the four-fold axis. By symmetry, all void spaces in between
neighbouring CH3C(O)S

�-groups are occupied by phenyl
groups. While this on its own does not enforce a twist angle of
45�, it seems reasonable to assume that this particular confor-
mation of two metalloligands with respect to each other facili-
tates the most efficient accommodation of the eight phenyl
moieties. The twist angle of �45� results in excellent approxi-
mation to D4d point group symmetry (which cannot be strictly
imposed crystallographically) at the lanthanide site. This is of
crucial importance for the description of the electronic struc-
ture of these systems, as evidenced by the EPR spectra of the
gadolinium derivatives (vide infra). The crystallographic
Fig. 5 Space-filling model of 2Gd showing how the phenyl group
from the tetraphenylphosphonium counter ion occupies the void
space in between two neighbouring thioacetates. Colour code: Gd,
green; Pt, orange; O, red; S, yellow; C, dark grey; H, light grey. The
entire tetraphenylphosphonium ion is coloured purple for clarity.

This journal is © The Royal Society of Chemistry 2017
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inequivalence of the oxygen atoms O1 and O2 (Fig. 1c) results in
two slightly different values of q. For 2Gd, the angle amounts to
60.03� or 61.23� depending on the oxygen atom chosen as
reference. The average of these values, 60.63�, is within uncer-
tainties identical to the average value of q for the two different
crystal eld environments found for 1Gd of 60.58�. As for the
1Ln systems, the lanthanide centres in 2Ln are also well sepa-
rated with nearest neighbour distances of ca. 9.8 Å.

When examining Fig. 5, the build-in so functionality
terminating the lanthanide complexes is immediately evident.
The affinity of not only the sulphur atoms but also the platinum
centre for so metal centres (i.e. another platinum centre) has
been rmly demonstrated by strong metallophillic interactions
in the heterobimetallic complexes already discussed.40–42 The
planar nature of the PtS4 units, in principle, renders these
extremely well-suited for deposition on soer substrates like
gold.

With the prospect of tuning surface interaction strengths
and demonstrating the generalizable nature of the chemistry
presented here, we synthesized the gadolinium and yttrium
derivatives with palladium(II) substituting for platinum(II),
giving rise to [NEt4][Ln{Pd(SAc)4}2] (1Ln0), [NnPr4][Ln
{Pd(SAc)4}2], and [PPh4][Ln{Pd(SAc)4}2] (2Ln0) with Ln ¼ Gd, Y
(see ESI† for synthetic details). The obtained compounds were
found to be strictly isostructural with their platinum counter-
parts (crystallographic data are given in Table S7, ESI†), as evi-
denced by the structural overlays of the Gd derivatives shown in
Fig. 6. Despite their strictly isostructural nature, a few impor-
tant adjustments were necessary in their preparations. Under
reaction conditions employed in the synthesis of the platinum
systems, sulphide formation seemed to pose a problem for the
preparation of the palladium complexes. This was however
avoided by constantly keeping thioacetate in excess. The greater
lability of palladium over platinum allowed for a shortening of
reaction times, and the [NEt4][Ln{Pd(SAc)4}2] (1Ln0) and [NnPr4]
[Ln{Pd(SAc)4}2] salts could consequently be precipitated
immediately aer complete addition of all starting materials to
the reaction mixture. The palladium derived complexes are
intensely yellow in colour compared to the light golden yellow
nature of the platinum based systems. The pronounced differ-
ence in the strength of the interaction between the lanthanide
ion and the group 10 metal (vide infra), is sufficiently large to
Fig. 6 Ball and stick representations of structural overlays of room
temperature crystal structures of 1Gd and 1Gd0 (a), and 2Gd and 2Gd0

(b). The platinum and palladium derivatives are shown in red and blue,
respectively.

This journal is © The Royal Society of Chemistry 2017
possibly inuence the optical properties and lead to differences
between the platinum and palladium derivatives of the lumi-
nescent lanthanide ions.

The crystalline purity and isomorphism of the palladium
derivatives was conrmed by PXRD (Fig. S8, ESI†). We note that
1Ln0 and 2Ln0 are the rst structurally characterized species
containing mono-thiocarboxylates coordinated to palladium.

The molar magnetic susceptibilities of the compounds 1Ln
(Ln ¼ Gd–Yb) and 2Ln (Ln ¼ Gd–Er) were investigated in an
applied magnetic eld of B ¼ 100 mT. The temperature
dependence of the cMT products is given in Fig. 7. The high
temperature values of the cMT products are generally in good
agreement with the expected Curie constants (Table S8, ESI†).
For all compounds but 1Gd and 2Gd, the value of cMT decreases
upon lowering the temperature, as a result of the depopulation
of mJ substates within the crystal eld split ground J manifold.
In general, the powder-averaged susceptibilities and magneti-
zation data (Fig. S9–S15, ESI†) are highly similar when
comparing the 1Ln and 2Ln salts. This suggests that whilst the
composition of the crystal eld states might change signi-
cantly upon changing the point group symmetry, the relative
energies of the states, and hence the total splitting of the
manifold, might be less affected. The plausibility of this is
supported by the on-average negligible difference in q between
the two different salts for a given lanthanide, as the axial crystal
eld parameters are strongly dependent on this parameter but
show only slight or no dependence on 4.22 The non-
superimposable reduced magnetization isotherms (Fig. S9–
S15, ESI†) observed for all compounds but 1Gd and 2Gd indi-
cate the presence of signicant anisotropy, low-lying excited
states or a combination of the two. For 1Gd and 2Gd a collective
t of the cMT(T) and reduced magnetization data to an isotropic
Zeeman Hamiltonian resulted in isotropic g-values of 1.98(3)
and 2.03(3) for 1Gd and 2Gd, respectively. Both these values are
within error of the expected 2.00.

In order to investigate the importance of the difference in
point group symmetry further and probe a possible effect of the
Pd/Pt metal centre on the electronic structure of the lanthanide,
powder X-band electronic paramagnetic resonance (EPR)
Fig. 7 Temperature dependence of the cMT products for powder
samples of 1Ln (Ln¼Gd–Yb, left) and 2Ln (Ln¼Gd–Er, right) recorded
in a static magnetic field of B ¼ 100 mT. The red lines represent fits of
the gadolinium data to an isotropic Zeeman Hamiltonian.

Chem. Sci., 2017, 8, 3566–3575 | 3571
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spectra of the gadolinium derivatives doped into their respec-
tive yttrium hosts at a nominal molar concentration of 2% were
recorded. The room temperature spectra of the platinum-based
complexes 1Gd and 2Gd doped into their respective host lattices
(1Y0.98Gd0.02 and 2Y0.98Gd0.02) recorded with the microwave
polarization either perpendicular or parallel to the applied
magnetic eld are given in the upper panels of Fig. 8 (details on
the EPR experiments are given in the ESI†). The structured
nature of the spectra calls for the inclusion of crystal eld
effects, which generate a zero-eld splitting of the S ¼ 7/2
ground state. Due to the absence of orbital momentum for
the gadolinium(III) centre, the splitting arises from the inter-
actions with higher lying Russell-Saunders multiplets, and the
effects are therefore small, as the rst excitedmultiplet is placed
approximately 30 000 cm�1 away from the ground one.51 The
small magnitude of the zero-eld splitting of gadolinium(III)
makes the frequency characteristic of X-band EPR well-suited
for the quantization of said splitting. This contrasts the need
for the application of high-eld and frequency EPR, which is
Fig. 8 Room temperature powder and single crystal X-band EPR spec
2Y0.98Gd0.020 (b and d). In the powder spectra (a and b), the green and r
mode data, respectively. The parallel mode data for 2Y0.98Gd0.02

0 is too
spectra (c and d), the open symbols correspond to the determined line po
of these positions. In the upper panels the angle of rotation is that betwee
0� the two are parallel. In the lower panels, the rotation is in the xy-plane
resonance line (the line at highest field in the xy-rotation spectra), has to

3572 | Chem. Sci., 2017, 8, 3566–3575
normally applied for the determination of zero-eld splittings
in lanthanides with unquenched orbital momentum (i.e. L s
0).52,53 By considering the minimal, common C4 symmetry of the
gadolinium site, the appropriate Hamiltonian following the
Stevens approach is5

Ĥ ¼ mBBgŜþ
X

k¼2;4;6

B0
kÔ

0

k þ Bþ4
4 Ô

þ4

4 þ B�4
6 Ô

�4

6 (1)

where the rst term accounts for the Zeeman effect, and the
latter terms for the zero-eld splitting of the ground state. In the
case of perfect D4d symmetry the two latter zero-eld splitting
terms vanish,5 while only the operator associated with the
B�4
6 parameter does so in the case of D4h symmetry.54 In the

parametrization commonly used for zero-eld splittings of nd
metal ions, the second order axial parameter is denoted D rather
than B02. We note that these are related through 3B02 ¼ D.17

Details on the tting procedure are given in the ESI.†
Best ts to the Hamiltonian (1) were found to provide

excellent descriptions of the powder spectra of 1Y0.98Gd0.02 and
tra of 1Y0.98Gd0.02 and 1Y0.98Gd0.02
0 (a and c), and 2Y0.98Gd0.02 and

ed lines give the best fits of the perpendicular and parallel polarization
void of features to produce an unambiguous fit. In the single crystal
sitions at each given angle while the dotted lines correspond to best fits
n the four-fold axis and the orientation of the magnetic field, so that at
, the zero-point being arbitrarily defined. For 1Y0.98Gd0.02, the seventh
o little intensity for its position to be reliably determined.

This journal is © The Royal Society of Chemistry 2017
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2Y0.98Gd0.02 for both polarization modes. Despite the 50 : 50
disorder in the crystal eld, characteristic of the 1Ln
compounds, it was possible to describe the spectra of
1Y0.98Gd0.02, assuming a single gadolinium site in C4 symmetry.
The only manifestation of said disorder is the greater linewidth
of the resonance lines for 1Y0.98Gd0.02 over those for
2Y0.98Gd0.02. The best t parameters are summarized in Table 2.
The axial space groups with molecular C4 axes co-parallel
facilitate single crystal EPR measurements on doped single
crystals of 1Y0.98Gd0.02 and 2Y0.98Gd0.02. These data conrm the
validity of the parametrizations, the angular dependence of the
resonance lines being well reproduced for various crystal rota-
tions (Fig. 8c and d).

As expected, the g-tensors of both compounds are essentially
isotropic, and highly comparable. The second and fourth order
axial Stevens parameters, B02 and B04, are remarkably similar
between the two different salts, the variation being no more
than 6%. The value of B06 varies signicantly between the two
salts, but in both cases, the value is very small, and the effect of
this term in the Hamiltonian therefore minimal. The deter-
mined value of the real fourth order off-diagonal Stevens
parameter B+44 is identical for 1Y0.98Gd0.02 and 2Y0.98Gd0.02, but
two orders of magnitude smaller than the parameter value of
the axial parameter of the equivalent order, and consequently
the contribution of the term in the Hamiltonian (1) associated
with the B+44 parameter should be considered small. Rather, the
main off-diagonal components of the crystal eld are parame-
trized by the real and imaginary sixth order off-diagonal
parameters B+46 (real) and B�4

6 (imaginary). The determined
absolute values of these parameters are larger for 1Y0.98Gd0.02
over 2Y0.98Gd0.02 by factors of 8 and 1.7, respectively. This
unambiguously demonstrates the higher symmetry of the 2Ln
compounds, the approximation to the axial D4d point group
symmetry being signicantly better in these salts compared to
the 1Ln systems. The parameter values determined from the
best ts to the parallel mode spectra (red traces in Fig. 8a and b)
agree well with those derived from the perpendicular mode
data.

The chelation of the lanthanide centres by the metal-
loligands combined with the high crystallographic symmetry of
the salts, places the lled 5dz2 orbital of platinum along the
four-fold axis with radial extension towards the lanthanide ion.
In order to assess the possible role of this occupied orbital in
Table 2 EPR fit parameters derived from the best fits to the Hamilton
samples at 2% molar concentration in the respective yttrium hosts. The o
1Y0.98Gd0.020

1Y0.98Gd0.02 2Y0.98Gd0.02

gk 1.9865(3) 1.9880(2)
gt 1.98552(4) 1.98690(7)
B02/cm

�1 3.2378(5) � 10�2 3.0553(5) �
B04/cm

�1 �2.605(4) � 10�4 �2.480(2) �
B06/cm

�1 �2.8(7) � 10�8 4(2) � 10�8

B+44 /cm�1 1.4(5) � 10�6 1.4(2) � 10�

B+46 /cm�1 1.62(5) � 10�6 2.0(3) � 10�

B�4
6 /cm�1 �6.1(2) � 10�7 3.6(3) � 10�

This journal is © The Royal Society of Chemistry 2017
dening the environment of the gadolinium(III) ion, similar
powder X-band EPR measurements on doped samples were
carried out for 1Gd0 and 2Gd0. If important, the reduced radial
extension of 4dz2 orbital of palladium should lead to an alter-
ation of the axial zero-eld splitting parameters. The room
temperature spectra of the palladium-based complexes
1Y0.98Gd0.020 and 2Y0.98Gd0.020 recorded with the microwave
polarization either perpendicular or parallel to the applied
magnetic eld are given in the lower panels of Fig. 8a and b.

The visual inspection of the spectra clearly demonstrates the
strong inuence of the group 10metal ion, the total width of the
spectra of the palladium derivatives being less than half of that
of the platinum analogues. The best ts of the perpendicular
mode spectra to the Hamiltonian (1) nicely reproduce the data
as shown by the green traces in the lower panels of Fig. 8a and b.
The t parameters are summarized in Table 2. As the spectra of
1Y0.98Gd0.020 and 2Y0.98Gd0.020 are less rich in detail than those
of 1Y0.98Gd0.02 and 2Y0.98Gd0.02, the parameter values are
determined with slightly lower delity. In the case of
1Y0.98Gd0.020, the sixth order off-diagonal parameters could not
be reliably determined, and consequently the associated terms
were excluded from the t. A t to the parallel mode spectrum
(red trace in Fig. 8a) agrees well with that to the perpendicular
mode data for 1Y0.98Gd0.020, but as for the platinum derivatives,
the parameters from the parallel mode tting come with
signicant uncertainties.

From the best ts, the main origin of the difference between
the platinum and palladium derivatives is found to be the value
of the second order axial zero-eld splitting parameter, B02. For
1Y0.98Gd0.020 the determined value is only 27% of the value
determined for 1Y0.98Gd0.02, while it for 2Y0.98Gd0.020 is 35% of
that found for 2Y0.98Gd0.02. While the effect is less pronounced
for the fourth order axial parameter B04, its value decreases
consistently upon exchanging platinum with palladium. As for
the platinum derivatives, the term associated with the
B06 parameter is found to be relatively unimportant for
1Y0.98Gd0.020 and 2Y0.98Gd0.020. These ndings strongly indicate
a signicant interaction between the gadolinium centre and the
group 10 metal, suggesting a coordination number of ten,
rather than the intuitively assigned eight. Such donation of
electron density from Pt(II) to a proximate Lewis acid, i.e. the
Ln(III) ion, was recently evidenced in the heterobimetallic
lantern complexes based on the alkaline earth metals using
ian (1) of the perpendicular mode spectra of the gadolinium powder
ff-diagonal sixth order terms could not be reliably included in the fit for

1Y0.98Gd0.020 2Y0.98Gd0.020

1.979(1) 1.984(1)
1.9862(8) 1.9843(1)

10�2 8.8(1) � 10�3 1.071(4) � 10�2

10�4 �2.0(1) � 10�4 �2.04(3) � 10�4

�1(6) � 10�7 �5(5) � 10�7

6 1.9(3) � 10�5 6(6) � 10�6

7 N/A �1.3(7) � 10�6

7 N/A �2(3) � 10�7

Chem. Sci., 2017, 8, 3566–3575 | 3573
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195Pt NMR, thereby demonstrating the Lewis-basic behaviour of
the platinum centre.39 The minimization of the off-diagonal
terms in the Hamiltonian (1) is again found upon going from
1Y0.98Gd0.020 to the higher symmetry 2Y0.98Gd0.020 species. Albeit
a direct comparison is hampered by our failure in determining
the sixth order off-diagonal parameters for 1Y0.98Gd0.020, we
note that the values of B+44 and B�4

6 for 2Y0.98Gd0.020 are found to
be equal to zero within error, supporting the notion that the
point group symmetry in the 2Ln0 compounds is D4d to a very
good approximation.

Conclusions

In summary, we have demonstrated how homoleptic thio-
acetate complexes of divalent group 10 metal ions can be used
as chelating metalloligands in the design of tetragonal
complexes of the trivalent lanthanides. Through packing effects
with counter cations compatible with four-fold symmetry, the
point group symmetry at the lanthanide site in the mono-
anionic bis metalloligand complexes can be varied between
effective C4 in the [NEt4]

+ salts and the higher symmetry D4d in
the [PPh4]

+ salts. This symmetry difference deduced from
structural analysis is unequivocally conrmed by detailed
electron paramagnetic resonance spectroscopy on the gadoli-
nium derivatives. These EPR studies furthermore demonstrate
a signicant interaction between the lled ndz2 orbital of the
platinum metal and the gadolinium ion, supporting a Lewis-
basic nature of the platinum(II) centre. Upon going from the
4dz2 orbital of palladium to the radially more extended 5dz2
orbital of platinum, the leading axial zero-eld splitting
parameter of Gd3+ quadruples, providing strong evidence for
a coordination number of ten rather than eight as otherwise
assumed from structural analysis. The fact that the platinum
metal can be varied renders this class of lanthanide complexes
highly tuneable; not only can the point group symmetry at the
lanthanide site be altered, so can the ratio between axial and
equatorial components of the crystal eld. This unprecedented
tunability of chemically otherwise unaltered complexes makes
this new family of compounds ideal test subjects for studies of
the subtleties governing lanthanide magnetism. The in-detail
magnetic investigations of selected members of the series are
currently being undertaken, and the results will be communi-
cated in the near future.
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